Ϫ
-secreting epithelia, Na
Ϫ cotransport is a basolateral Cl Ϫ uptake pathway facilitating apical Cl Ϫ secretion. To determine if cholangiocytes possess similar mechanisms independent of CO 2/HCO3 Ϫ , we assessed Cl Ϫ -dependent secretion in rat liver isolated polarized bile duct units (IBDUs) by using videomicroscopy. Without CO2/HCO 3 Ϫ , forskolin (FSK) stimulated secretion entirely dependent on Na ϩ and Cl Ϫ and inhibited by Na ϩ -K ϩ -2Cl Ϫ inhibitor bumetanide. Carbonic anhydrase inhibitor ethoxyzolamide had no effect on FSK-stimulated secretion, indicating negligible endogenous CO 2/HCO3 Ϫ transport. In contrast, FSK-stimulated secretion was inhibited ϳ85% by K ϩ channel inhibitor Ba 2ϩ and blocked completely by bumetanide plus Ba 2ϩ . IBDU Na ϩ -K ϩ -2Cl Ϫ cotransport activity was assessed by recording intracellular pH during NH 4Cl exposure. Bumetanide inhibited initial acidification rates due to NH 4 ϩ entry in the presence and absence of CO2/HCO 3 Ϫ . In contrast, when stimulated by FSK, a 35% increase in Na ϩ -K ϩ -2Cl Ϫ cotransport activity occurred without CO 2/HCO3 Ϫ . These data suggest a cellular model of HCO 3 Ϫ -independent secretion in which Na ϩ -K ϩ channels are important components of stimulated fluid secretion in intrahepatic bile duct epithelium. ammonia; cholangiocyte; bumetanide; barium; pH ALTHOUGH HEPATOCYTES ARE THE primary source of bile, ϳ10% of basal bile flow in rats and up to 40% in humans originates from the bile duct epithelium. Cholangiocytes comprising the small intralobular bile duct segments are capable of absorptive and secretory functions that modify the composition of canalicular bile (9) . These segments are the site of injury in several primary cholestatic disorders (40) . After common bile duct ligation in the rat, bile duct epithelial cells proliferate with potentiation of spontaneous bile flow. In this model, hormonal stimulation by secretin, which increases biliary cAMP, increases both bile flow rate and HCO 3 Ϫ content by ϳ50% (2). In cholangiocytes, secretion stimulated by cAMP is believed to occur largely via coupling of apical Cl Ϫ conductance(s) and Cl Ϫ /HCO 3 Ϫ exchange (3, 33 (48) . Bumetanide-sensitive Na
Ϫ cotransport processes have been described in a number of epithelial and nonepithelial cells. In addition to their function in epithelial salt transport, Na
Ϫ cotransporters participate in cell volume homeostasis (17) and regulation of cell proliferation (37) . In certain epithelia, e.g., rat parotid acinar cells, basolateral Na ϩ -K ϩ -2Cl Ϫ cotransport, in combination with linked Na ϩ /H ϩ and Cl Ϫ /HCO 3 Ϫ exchangers, contributes to cellular Cl Ϫ uptake (18, 41) . Typically, in salt-secreting epithelia, activation of cAMP-and/or Ca 2ϩ -sensitive apical Cl Ϫ channels increases apical membrane Cl Ϫ permeability, resulting in active movement of Cl Ϫ from the cell into the luminal space; Na ϩ and water follow passively along electrochemical and osmotic gradients, respectively (48, 49) . Secretion can be potentiated in certain tracheal and gut epithelia by basolat-eral cAMP-and/or Ca 2ϩ -activated K ϩ channels; activation of these K ϩ channels hyperpolarizes the cell, driving potential-dependent Cl Ϫ secretion (30, 47) . Certain biliary epithelial cell lines have been described to possess bumetanide-inhibitable Rb uptake (7) .
Isolated bile duct units (IBDUs) are intact polarized epithelial structures derived from intralobular ducts maintained in short-term culture. IBDUs have been exploited as a model biliary epithelium in which relative secretion can be quantitated using videomicroscopy (35) . In previous studies (35) , stimuli that increased intracellular cAMP concentration resulted in substantial fluid secretion in the presence of CO 2 / HCO 3 Ϫ . However, modest forskolin-stimulated fluid secretion could be observed in the nominal absence of CO 2 /HCO 3 Ϫ as well (35) . Although secretion observed in the nominal absence of CO 2 /HCO 3 Ϫ was attributed to transport of ambient and/or endogenously generated CO 2 /HCO 3 Ϫ , this observation also raised the possibility that cholangiocytes possess CO 2 /HCO 3 Ϫ -independent, cAMP-stimulated vectorial Cl Ϫ secretion. In the present communication, using videomicroscopy to assess the volume of fluid secreted by IBDUs, we have identified a role for Cl Ϫ that is separate from the well-appreciated role of CO 2 /HCO 3 Ϫ in cAMP-stimulated fluid secretion by cholangiocytes. We found that forskolin-stimulated secretion, in the absence of CO 2 4 ϩ uptake, supporting the constitutive presence of Na
Ϫ cotransport activity was stimulated by forskolin and inhibited by bumetanide. In the presence of CO 2 /HCO 3 Ϫ , forskolin-induced secretion was entirely Cl Ϫ -dependent as well, but only partly stilbene sensitive and not inhibited at all by bumetanide. When combined, the anion exchange inhibitor DIDS and bumetanide together blocked forskolin-stimulated secretion completely, consistent with Cl Ϫ /HCO 3 Ϫ exchange functioning as a parallel Cl Ϫ uptake pathway. These results, derived largely from functional assays, identify the importance of extracellular Cl Ϫ to secretion and suggest a key role for HCO 3 Ϫ -independent Cl Ϫ secretion by biliary epithelium.
METHODS

Isolation of bile duct units.
With the full approval of the Yale University School of Medicine Animal Care and Use Committee, we obtained male Sprague-Dawley rats weighing 200-250 g from Camm Laboratory Animals (Wayne, NJ). Bile duct fragments (30-100 M) were enzymatically isolated from rat livers and plated on Matrigel-coated (Collaborative Biomedical, Bedford, MA) glass coverslips and incubated at 37°C in a 5% CO 2-air atmosphere with supplemented ␣-MEM (GIBCO BRL, Grand Island, NY), as described previously (35) . The culture medium was exchanged at 24 h, and adherent IBDUs were utilized in experiments by 48-60 h after initial plating.
Quantitation of secretion by video imaging. Coverslips with adherent IBDUs were placed in a temperature-controlled superfusable chamber and transilluminated on the stage of an inverted microscope equipped with Nomarski optics. Coverslips were screened for single spherical IBDUs possessing a sharply defined luminal border at a focal plane that delineated the greatest luminal area. A television camera and computerized imaging system were used to obtain and store magnified digital images of superfused IBDUs on an optical disk. IBDUs were equilibrated with CO 2/HCO3 Ϫ -containing or CO 2/HCO3 Ϫ -free Ringer saline solutions for a minimum of 10 min before experimental perturbations to achieve steady state. Images of IBDUs were acquired at 5-min intervals after the equilibration period. The volume of secreted fluid was assessed, as described previously (4, 10, 35, 36) , with the IBDU lumen modeled as a sphere. In previous work (4, 10, 35, 36) , we validated the use of cross-sectional area (CSA) to assess the volume of fluid secreted by comparing increases in CSA to increases in secreted volume assessed by three-dimensional reconstruction of Z-sections through the luminal space. Percent increases in volume were found to be virtually identical to percent increases in CSA in the same IBDUs. For this reason, and because two-dimensional images are readily and rapidly obtainable, we obtained measurements of CSA alone. As such, the total volume of fluid contained in the IBDU lumen (V L) is related to the greatest measured CSA of the lumen by V L ϭ 0.7523(CSA) 1.5 . At the conclusion of experiments, software-based image analysis was used to measure CSA at successive 5-min intervals from stored images. Measured CSA values were then normalized to, and expressed as, a percentage of the CSA immediately before the addition of forskolin. At the conclusion of the experiments, cell viability was assessed by exclusion of a 4% solution of trypan blue. Experiments were discarded if Ͻ95% of cells excluded trypan blue.
Clearly, the IBDU preparation is subject to many factors that could lead to heterogeneous responses, and CSA tends to vary between short-term culture preparations. Variations in luminal CSA are not unexpected, as the mechanics of luminal expansion are, in part, dependent on the initial volume of the IBDU lumen, the compliance and H2O permeability of its luminal border, and the net of absorptive and secretory processes present. Thus measurements of IBDU luminal CSA do not provide absolute quantitative rates of fluid secretion but rather rates of secretion relative to IBDUs from the same preparation maintained under identical culture conditions. As such, we compare experimental perturbations to day-matched controls from the same "batch" of IBDUs in short-term culture.
Measurements using fluorescent dyes. Cholangiocytes comprising IBDUs were loaded with the pH-sensitive dye 2Ј,7Ј-bis(2-carboxyethyl)-5(6)-carboxyfluorescein (BCECF) by incubation with 10 M of the membrane-permeant AM (BCECF-AM, Molecular Probes, Eugene, OR) for 10 min at 37°C. Coverslips containing IBDUs were transferred to a temperature-controlled chamber (37°C) on the stage of an inverted microscope and superfused with either 1) CO2/ HCO 3 Ϫ -free Ringer saline, pH 7.4, buffered with 32 mM HEPES and gassed with 100% N 2 or 2) Krebs-Ringer-HCO 3 Ϫ (KRB) solution, pH 7.4, containing 22 mM NaHCO3, equilibrated with 5% CO2-95% O2. Light from a mercury arc lamp was used to alternately excite intracellular BCECF at 440 and 495 nm. Fluorescence images were obtained using a Cohu charge-coupled device camera (San Diego, CA) through a 510-nm bandpass filter at a rate of two to six images per minute. Fluorescence emission intensity consistently exceeded background autofluorescence by Ͼ45-fold. The 495 nm-to-440 nm fluorescence intensity ratio data were converted to pH i values by using a nigericin calibration curve, as described previously (45) . Over the pHi range of 6.8-7.6, fluorescence ratios varied linearly with extracellular pH.
In experiments designed to assess the integrity of intercellular junctions, we identified and counted all IBDUs on a coverslip. We then exposed the IBDUs to 1 mM Texas reddextran (40,000 MW, Molecular Probes) for 10 min. Subsequently, Texas red-dextran was washed away and IBDUs were illuminated with 590 nm light with fluorescence images obtained through a 615-nm bandpass filter. IBDUs containing detectable dye in their lumens were then counted. At the conclusion of the experiments, IBDUs were again incubated with Texas red-dextran and recounted in an identical manner.
Assessment of NH 4 ϩ transport from pHi records. Exposing IBDUs to 20 mM NH4Cl, produced an initial rapid alkalization due to NH3 diffusion into the cell, followed by a slower acidification from NH 4 ϩ entry via a variety of pathways, including Na ϩ -K ϩ -ATPase (16, 28) , K ϩ channels (8), and Na (15, 27, 38) where NH 4 ϩ substitutes for K ϩ . The initial rate of this acidification has been used previously (5, 6, 38, 46) to assess the rate of NH 4 ϩ uptake. For our experiments, we exposed IBDUs to two successive 20 mM NH 4Cl pulses. The NH 4 ϩ -induced pHi change over the initial 120 s of acidification (instantaneous rate of pH i change) was expressed in pH units per minute. H ϩ fluxes (JHϩ) were determined from a previously determined intrinsic buffering power vs. pHi titration curve (44) . Data are expressed as means Ϯ SD. Paired and unpaired t-tests were used to compare rates between the first and second NH4Cl prepulses, with P Ͻ 0.05 indicating statistical significance.
General experimental procedures. All experiments were performed at 37°C under isotonic (290 mosM) conditions. The compositions of the CO 2/HCO3 Ϫ -containing Ringer and HEPES-Ringer were identical to those described previously (35) . To ensure that HEPES-buffered solutions were free of ambient CO2/HCO 3 Ϫ but not O2 free, solutions were gassed with N2 then passed via gas-permeable tygon tubing to a superfusion chamber open to the atmosphere. Analysis of a typical N2-gassed air-equilibrated HEPES-buffered solution sampled from the superfusion chamber revealed pH of ϳ7.4, O2 partial pressure of ϳ170 mmHg, and HCO 3 Ϫ concentration Ͻ1 mM, which is below the detection range of the gas analyzer. In experiments requiring isosmolar ion replacement, gluconate was substituted for Cl Ϫ and choline or NH 4 ϩ was substituted for Na ϩ as required. All experimental perturbations were compared with controls from the same IBDU preparation. All data from measurements of maximum CSA and pHi are presented as arithmetical means Ϯ SE. Paired Student's t-tests were used to determine statistical significance.
RESULTS
As shown in Fig. 1 , we first assessed the role of extracellular Cl Ϫ in forskolin-induced secretion in IBDUs. We added 10 M forskolin to IBDUs superfused with Cl Ϫ -free HEPES-Ringer. We observed no effect on secretion until Cl Ϫ (132 mM) was returned to the HEPES-Ringer solution. Thereafter, luminal CSA doubled in 10 min and increased further to 150% above baseline within 20 min. Thus cAMP-stimulated secretion requires basolateral Cl Ϫ and occurs in the absence of CO 2 /HCO 3 Ϫ . Cellular respiration generates a nominal amount of CO 2 that can be hydrated to HCO 3 Ϫ in the presence of carbonic anhydrase (24) . To rule out that cAMP-stimulated secretion represented secretion of endogenously generated HCO 3 Ϫ , the same experimental protocol was repeated under anoxic conditions and in the continuous presence (after 20 min preincubation) of ethoxyzolamide (10 M), a cell-permeant inhibitor of carbonic anhydrase. As shown in Fig. 1 , ethoxyzolamide, in the complete absence of CO 2 /HCO 3 Ϫ , did not affect cAMPstimulated Cl Ϫ -dependent secretion. Acetazolamide (500 M), another carbonic anhydrase inhibitor, also did not inhibit secretion in similar experiments (not shown). These results indicate that neither ambient CO 2 /HCO 3 Ϫ nor endogenously generated HCO 3 Ϫ could account for the forskolin-stimulated Cl Ϫ -dependent secretion observed in this experiment.
To determine if Cl Ϫ -dependent secretion in the absence of HCO 3 Ϫ was dependent on basolateral Na ϩ , as would be expected for a Na ϩ -K ϩ -2Cl Ϫ cotransporter, IBDUs were superfused with HEPES-Ringer free of Cl Ϫ , Na ϩ , and CO 2 /HCO 3 Ϫ . As depicted in Fig. 2 , addition of 10 M forskolin to IBDUs superfused with Cl Ϫ , Na ϩ , and HCO 3 Ϫ -free HEPES-Ringer did not result in secretion when Cl Ϫ was added to the solution in the absence of Na ϩ . However, after introduction of Na ϩ (125 mM) to the Cl Ϫ -containing solution, we observed a rapid rate of secretion to 40% above baseline. Thus HCO 3 Ϫ -independent, cAMP-stimulated secretion requires a coupled basolateral Cl Ϫ and Na ϩ transport process. As such, we next examined the effects of bumetanide (50 M), a specific inhibitor of Na
Ϫ cotransport on secretion. As shown in Fig. 3 , under Cl Ϫ -and CO 2 /HCO 3 Ϫ -free conditions, 10 M forskolin caused no net secretion. When Cl Ϫ was added to the solution, luminal CSA increased 100% within 20 min. In contrast, when 50 M bumetanide was present (Fig. 3) , forskolin-stimulated secretion was inhibited by 55% (P Ͻ 0.01).
NH 4 ϩ can substitute for K ϩ on the Na
Ϫ cotransporter (15, 27, 39) , and pH i measurements were used to characterize Na ϩ -K ϩ -2Cl Ϫ cotransport activity in the presence and absence of CO 2 /HCO 3 Ϫ . For each experimental protocol, a 20 mM NH 4 Cl prepulse was performed. After recovery to resting pH i , a second prepulse was performed in the presence of 50 M bumetanide, either in the absence or presence of 10 M forskolin. During each prepulse, an initial acute alkalinization due to NH 3 entry was observed, followed by a slower phase of acidification as NH 4 ϩ entered the cell. In CO 2 and HCO 3 Ϫ -free HEPES solution, bumetanide (50 M) inhibited the initial rate of acidification rate by 24% (J Hϩ ϭ 1.97 Ϯ 0.71 vs. 1.54 Ϯ 0.39 mM/min, P Ͻ 0.001; Fig. 4A and Table 1 ). In CO 2 and HCO 3 Ϫ -containing KRB solution, bumetanide inhibited the initial rate of acidification by 25% (J Hϩ ϭ 5.52 Ϯ 1.61 vs. 4.15 Ϯ 0.61 mM/min, P Ͻ 0.001; Fig. 4B . As shown in Fig. 5 , addition of 10 M forskolin to IBDUs superfused with Cl Ϫ -free HEPESRinger did not lead to net secretion after 5 min. When Cl Ϫ was returned to the HEPES-Ringer solution, luminal CSA increased to 150% above baseline within 30 min. In other experiments, the identical protocol was repeated, but after 5 min of preincubation with, and in the continuous presence of, 1 mM BaCl (Fig. 5) . As in the control experiments without Ba 2ϩ (Fig. 5) , exposure to forskolin in the virtual absence of Cl Ϫ did not induce secretion until 132 mM Cl Ϫ was introduced to the bathing solution. However, Ba 2ϩ (1 mM) alone decreased forskolin-stimulated, Cl Ϫ -dependent secretion by one-half (Fig. 5 ) compared with controls (P Ͻ 0.05). Furthermore, when the identical protocol was repeated in the presence of both 1 mM Ba 2ϩ and 50 M bumetanide (Fig. 5) , net forskolin-stimulated, Cl Ϫ -dependent secretion was not observed after 30 min.
Given the apparent importance of Cl Ϫ to secretion in the absence of CO 2 /HCO 3 Ϫ , we examined the role extracellular Cl Ϫ plays in cAMP-stimulated fluid secretion under physiological CO 2 /HCO 3 Ϫ conditions. As shown in Fig. 6 , forskolin-stimulated secretion required both HCO 3 Ϫ and Cl
Ϫ
. Surprisingly, bumetanide had no effect on secretion in the presence of CO 2 /HCO 3 Ϫ ; this is in contrast to the bumetanide-sensitive secretion observed in the absence of CO 2 /HCO 3 Ϫ (see Fig. 3 ) and the bumetanide-sensitive NH 4 ϩ uptake observed in the absence (see Fig. 4A ) as well as in the presence of CO 2 / 
HCO 3
Ϫ (see Fig. 4B ). Thus a pathway other than Na
Ϫ cotransport appears to function in the basolateral uptake of Cl Ϫ . Previous studies (3, 4) in IBDUs revealed a stilbene-sensitive Cl Ϫ /HCO 3 exchange stimulated by secretin. Thus to determine if a Cl Ϫ /HCO 3 exchange process participates in Cl Ϫ uptake, the effect of the anion exchange inhibitor DIDS was examined. In the presence of CO 2 /HCO 3 Ϫ , DIDS (1 mM) alone blocked 25% of forskolin-stimulated Cl Ϫ -dependent secretion (n ϭ 13, P Ͻ 0.03 vs. control, data not shown). However, as shown in Fig. 7 , when combined with bumetanide, DIDS completely blocked forskolin-stimulated secretion in the presence of Cl 
DISCUSSION
Cholangiocytes play an important role in modifying the composition of canalicular bile through secretory and reabsorptive processes (1, 42 Table 1 ). Values are means Ϯ SE of n experiments. Two sequential 20-mM NH4Cl pulses were performed, with the second during exposure to bumetanide (50 M), forskolin (10 M), or bumetanide ϩ forskolin. pHi, intracellular pH; dpHi/dt, instantaneous rate of pH change; KRB, Krebs-Ringer-HCO 3 kolin-induced fluid secretion was observed in IBDUs (35) . In the present study, we again exploited IBDUs as a model intrahepatic biliary epithelium from rat liver that secretes fluid in response to elevations in [cAMP] i (4, 10, 35) . In the absence of CO 2 /HCO 3 Ϫ , we observed that forskolin-stimulated secretion was Cl Ϫ and Na , indicating that in the absence of CO 2 /HCO 3 Ϫ the dual action of these transport processes supports virtually all cAMP-stimulated secretion. Of note, despite the presence of 1 mM extracellular Cl Ϫ in experiments in which BaCl was used, this concentration of Cl Ϫ , in the face of inhibited K ϩ channels, did not support forskolin-stimulated secretion (Fig. 5) . Furthermore, in pH i studies of nonstimulated IBDUs, bumetanide inhibited ϳ25% of NH 4 ϩ transport into cells, consistent with a bumetanide-sensitive K ϩ transport pathway. Although bumetanide-inhibitable Na ϩ -Cl Ϫ cotransport has been described in other epithelia, bumetanide is a relatively specific inhibitor of Na
Ϫ cotransporters (26) , and the finding of bumetanide-sensitive NH 4 ϩ transport (substituting for K ϩ on the cotransporter) is consistent with the presence of Na ϩ -K ϩ -2Cl Ϫ cotransport. We used forskolin to evaluate cotransporter activity during cAMP-induced secretion. Both in the absence and presence of CO 2 /HCO 3 Ϫ , forskolin significantly in- creased NH 4 ϩ influx reflected by a more rapid rate of cellular acidification (see Table 1 ). This increase in acidification rate was completely abolished by 50 M bumetanide, suggesting that the observed increase in NH 4 ϩ influx was related to stimulation of Na (Fig. 2) . It is also possible that bumetanide incompletely inhibits Na
Ϫ cotransport under CO 2 /HCO 3 Ϫ conditions, but our observation that bumetanide blocks the forskolin-induced increase in NH 4 ϩ entry rates in the presence of CO 2 / HCO 3 Ϫ argues against bumetanide being inactive under CO 2 /HCO 3 Ϫ conditions (see Table 1 ). The present findings are most consistent with basolateral Na (14) . On the basis of these findings, we propose an integrative model for cAMP-stimulated Cl Ϫ secretion in cholangiocytes (Fig. 8) process in IBDUs from rat liver. Because it is feasible to isolate enriched populations of intrahepatic biliary epithelial cells (25) , molecular identification of the specific isoform(s) of a bumetanide-sensitive cotransporter should be possible (26) .
